INTRODUCTION
Cast nickel-based superalloys are used for blades in land-based, energy conversion and powerplant applications, as well as in aircraft gas turbines operating at temperatures up to 1100°C, where creep is one of the life-limiting factors. Creep of superalloy single crystals has been extensively studied over the last several decades. Surprisingly, only recently has work focused specifically on the dislocation mechanisms that govern high temperature and low stress creep [1] [2] [3] . Nevertheless, the perpetual goal of better engine efficiency demands that the creep mechanisms operative in this regime be fully understood in order to develop alloys and microstructures with improved high temperature capability. At present, the micro-mechanisms controlling creep before and after rafting [4] (the microstructure evolution typical of high temperature creep) has occurred have yet to be identified and modeled, particularly for 
EXPERIMENTAL RESULTS
The focus of our experimental studies has been TEM analysis of two diferent single crystal alloys following creep. The NASAIR alloy is a "first-generation" alloy while Rene N5 is a compositionally more complex, "third generation" alloy. In spite of exhaustive mechanical testing of these alloys, little or no substructure analysis is Although not a new technique [5] [6] it has not been widely utilized for deformation substructure analysis. However, we have found it to be particularly useful for examining dislocation structures in fine-grained polycrystalline materials, and for obtaining large fields of view for assaying deformation mechanisms and dislocation density measurements over relatively large specimen regions. Since this technique produces images while sampling a range of diffraction angles, dislocations produce contrast even when specimens are bent and have varying thickness -effects which generally obscure dislocations when using conventional diffraction contrast imaging.
In both alloys, the rafting process is observed to be complete after only 1% strain.
As a consequence, the f.c.c. γ phase and L1 2 γ' phase form an irregular, alternating Figure 1(b) , is remarkable since there is no resolved glide or climb force operating on them due to the applied stress. These observations support a qualitative model for creep of rafted structures which assumes that the channeling of the a<100> dislocations through the γ' phase is the rate-limiting process. There also exist dislocations traversing the γ phase as well. In our model, motion of these matrix dislocations actually produce work due to the applied stress, unlike the channeling a[100] and a[010] dislocations in the γ' phase. The critical role of the latter, however, is to eliminate interface dislocation content, thereby reducing the local back stress such that matrix dislocation activity can proceed. As the γ phase becomes discontinuous at larger strains, then the dislocations in the γ' are no longer constrained to channel laterally, but may also traverse to neighboring γ' layers, thereby dramatically increasing the effect that each individual γ' dislocation can have on the recovery of the interfacial networks in many layers. In addition, the density of dislocations having a Burgers vector parallel to the applied stress direction increases with strain (dislocations indicated in blue in Figure 1(c) ). Thus, these observations also provide important insight into the origin of the gradually increasing creep rate (see Figure   1 (a)), typically observed in tension during high temperature creep of blade alloys. 
PHASE FIELD MODELING RESULTS
A ground-breaking phase field model that reproduces these remarkable morphological changes has also been developed under this program in collaboration with Prof. Yunzhi Wang and his graduate student, Ning Zhou, and initial results of this model 982°C 150 MPa 6 are described below and in [11] . In this model, dislocation motion in γ channels is driven by the local stress. This local stress includes contributions from lattice misfit, the external load, and misfit dislocations at the γ/γ′ interface. Simultaneously, the diffusionmediated evolution of microstructure is determined by both chemical driving forces and elastic interactions with dislocations, as well as the effect of lattice misfit. Through this integrated approach, rafting of the γ' phase has been predicted under various conditions of misfit sign and loading type, and the results agree with our experiments and other analyses. It has also been found that modulus mismatch is not a necessary condition for rafting, as has been assumed previously in the elasticity-based models for rafting [12] [13] .
Under the homogeneous modulus assumption (ignoring the modulus mismatch between γ and γ′ phase), the simulation results show rafting of γ′ precipitates is closely related to the type and distribution of dislocations at the γ/γ′ interfaces. The sign of lattice misfit and the direction of the applied load determine the dislocation configurations in the γ-channels and the rafting directions. It is found that dislocations prefer normal channels (normal to the direction of applied load) for a positive misfit alloy under compression, and a negative misfit alloy under tension which later develop N type rafting, while parallel channels were preferred by dislocations in a positive misfit alloy under tension and a negative misfit alloy under compression which develop P type rafting.
A phase field model that captures the spatial-temporal evolution of precipitate microstructure under elastic inhomogeneity (the elastic stiffness constants are different for matrix and precipitate) for Ni-base blade alloys has also been developed [14] .
Simulation parameters such as lattice misfit, elastic moduli and the magnitude of applied stress have been carefully selected to match real experimental conditions due to the 7 quantitative nature of the study. Simulation results show that when ignoring channel plasticity, the direction of rafting depends on the sign of the following products:
. Where ex σ being applied stress and δ the lattice misfit.
C 11 , C 12 are the stiffness constants. It is found that rafting caused purely by modulus mismatch takes much longer time to complete compared with the simulations described above considering only channel plasticity. Thus, these simulations have for the first time clarified the relative importance of these effects on the rafting process. Finally, using an effective transformation strain to describe the channel plasticity, a simplified phase field model is being developed to take into account both channel dislocations and modulus mismatch. Preliminary test results show that the channel dislocations are the dominant factor determining the rafting mode (γ′ coarsening direction), while modulus difference between γ/γ′ will slightly modify the kinetics of rafting process. Specifically, when γ′ precipitate is "softer" than γ matrix, rafting will take longer time for the same conditions. Thus, this model is enabling for the first time a quantitative evaluation of the relative importance of elastic misfit versus channel dislocation content to the rafting process.
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